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Introduction
Carbon nanotubes (CNTs) and related structures continue drawing tremendous attention of the research community from all over the world since their discovery in 1991 by S. Iijima [1] . Their superior thermal, mechanical, electrical and electronic properties [2] [3] [4] have been the main source of this attraction. Owing to their fascinating properties CNTs are potential candidates for numerous applications in diverse fields and being used in nano-devices; such as sensors, actuators, electrodes for fuel cell and Li ion batteries [5, 6] , carbon nanotube field effect transistors (CNTFETs) and interconnects [7, 8] . Their extremely small size and superior electronic properties play an important role on the performance of a device. The properties of CNTs are dependent on structure, which depends on the method of synthesis used for their production. As a consequence, considerable efforts have been directed toward the developing of their methods of synthesis with precise control on the structure. There are mainly three different methods generally used for the synthesis of CNTs. These are electric arc discharge, laser ablation and chemical vapour deposition. The first two methods impose problems in scaling up the production up to industrial level while the chemical vapour deposition (CVD) method offers the best hope for large scale production of CNTs. A catalyst is usually needed for the synthesis of CNTs, the most commonly used catalysts are either organo-metallic compounds such as cobaltocene, ferocene, nicklocene, or metal catalyst powder or thin films [9] [10] [11] [12] [13] . Different substrates (such as quartz, silicon wafers, alumina, aluminosilicates etc.) have been used for the growth of nanotubes. Carbon fibers as a substrate for the growth of nanotubes have also been used [14] [15] [16] . In order to achieve benefits of CNTs superior properties their selective and aligned growth is highly desirable for several applications [17, 18] . Incorporation of CNTs grown on carbon fibers considerably changed fiber/matrix interface characteristics when used in making multiscale composites resulting in a significant increase in the mechanical properties [19] [20] [21] [22] . Therefore, synthesis of nanostructure with controlled morphology is very crucial for obtaining the desired nanostructure for a particular device application. This needs an extremely fine control on the process parameters involved in the method adopted for their production. In the present work a process for quasi-controlled growth of CNTs and nanofibers on carbon fibers is developed and the effect of process parameters on the morphological characteristics of nanospecies has been studied.
Experimental

Synthesis
Carbon nanospecies were grown on T-300 carbon fiber substrate by thermal chemical vapour deposition process. The fiber substrate was initially coated with catalyst precursor using dip coating and dried in hot air oven maintained at 60°C. Subsequently, it was reduced in hydrogen (H 2 ) atmosphere at 400°C for 1 h. After reduction the transition metal based catalyst precursor coated on the substrate transformed to nano particles of corresponding transition metal (Co, Fe and Ni). The temperature of the reactor was then raised to 700°C and the acetylene (C 2 H 2 ) was introduced into the reactor for growing carbon nanostructures on the carbon fiber. Argon and hydrogen were used as carrier and reducing gases respectively. The flow rate ratio of C 2 H 2 and H 2 was kept 1:9 and total gas flow rate during the deposition process was 100 sccm. The deposition was carried out for different times ranging from 15-90 min. The yield of the grown carbon nanospecies was measured in each case to study the effect of growth temperature and time on the overall weight uptake.
Characterization
The morphology of carbon nanospecies was studied by an environmental scanning electron microscope (QUANTA 200 from FEI) with W filament operated at 30 kV. Further detailed structural study was carried out by transmission electron microscopes (CM 200 from Philips and Tecnai G 2 from FEI) with LaB 6 filament operated at 200 kV. The high resolution imaging was done on JEM 2010 from Joel high resolution transmission electron microscope (HRTEM) equipped with field emission gun operated at 200 kV, capable of providing a point to point resolution of 0.2 nm and lattice resolution of 0.14 nm. A fine powder of the sample was prepared and subsequently added to methanol. The solution was kept in ultrasonic bath for 15 min to obtain a uniform dispersion. In order to carry out transmission electron microscopy (TEM) analysis a small drop form this uniformly dispersed solution was taken in a capillary tube and poured on a 300 mesh carbon coated grid of 3 mm diameter.
Results and discussions
Influence of process parameters
The process parameters for the growth of carbon nanospecies by CVD method were identified and optimised. The important parameters which influence the growth process of nanotubes are quality of catalyst coating, ratio of source to reducing gas, the flow rate of carrier gas, deposition temperature and time. The temperature and duration of exposure were controlled to achieve desired coverage of the carbon nanotube on the carbon fiber surface.
The deposition temperature is an important parameter which strongly affects the yield and quality of nanotubes. Lower growth temperature (b680°C) produced 'wormy' or vermicular shaped filaments whereas higher growth temperature (≥700°C) produced relatively straight filaments. The effect of deposition temperature on the yield of carbon nanospecies is illustrated in Fig. 1(a) . The activity of catalyst particles is relatively low at lower deposition temperature [23] and the length of grown species is also comparatively shorter which indicate lower growth rate and faster catalyst poisoning respectively. As a consequence, low catalyst activity and faster catalyst poisoning result in low yield of the grown carbon nanospecies. The slowdown in the growth rate is attributed to progressive blocking of the active surface by excess carbon deposition on the front face of the catalyst particle [24] . At temperatures~700°C the catalyst activity is increased and the catalyst poisoning effect is delayed/suppressed thus effective growth time is increased which leads to higher yield. On the contrary, at still higher deposition temperature the closely located fine catalyst particles tend to get agglomerate together forming bigger particles. Thus the number of overall active sites for nucleation is reduced. Therefore the yield of produced carbon nanostructures drops remarkably as evident from the yield versus growth temperature curve. This indicates that good-quality nanotube growth could be achieved only in the temperature range of 650-850°C. Exactly the same temperature window has been reported by G. L. Hornyak et al.
even in case of single walled carbon nanotubes (SWNTs) grown by CVD technique [25] . The highest yield of multi-wall CNTs was achieved at deposition temperature 700°C, with Co, Fe and Ni catalysts, acetylene as precursor and argon as carrier gas under optimised conditions. Deposition time is another parameter affecting the growth of nanotubes. To study the variation of yield of total product with respect to deposition time experiments were carried out for different times (15, 30, 45 , 60, 75 and 90 min) and the yield was measured for each deposition time. The results obtained are shown in Fig. 1(b) . Initially the yield increases with time but as the process continues it stabilizes with increasing deposition time. The curve demonstrates a parabolic nature which indicates that CNT growth is diffusion controlled where lengthening of the CNTs is proportional to t (3/2) [26, 27] . The vertical lines marked on the curves represent the error bars for the corresponding values. This indicates that initially the activity of metal nanoparticles is higher due to higher diffusivity of carbon atoms on the fresh surface of catalyst particles exposed to gaseous environment. The rate of diffusion of carbon into the catalyst decreases with time and eventually ceases to zero giving rise to no additional increase in the length and hence in the yield. This is termed as catalyst poisoning which results in no further growth of nanotubes no matter how long deposition is performed. The growth characteristics of carbon nanotubes are influenced by the flow rate of different gases. Higher concentrations of hydrocarbon gas results in larger diameters of the CNTs while the presence of hydrogen along with acetylene improves the quality of nanotubes. The nanotubes, nanofilaments and nanofibers (CNFs) were grown under a gas mixture of C 2 H 2 and H 2 . The ratio of C 2 H 2 /H 2 flow was 1/9 and the total flow (C 2 H 2 +H 2 ) was maintained at 100 sccm. Higher volume fraction of hydrogen facilitates suppression of catalyst poisoning effect which in turn results in increased length of the nano-tubes, filaments and fibers.
Morphology of nanospecies
The scanning electron micrographs of carbon fibers at different process stages are shown in Fig. 2 . The surface topography of as received carbon fibers is shown in Fig. 2(a) , the morphology of catalysed carbon fibers after hydrogen reduction at 400°C for 1 h is shown in Fig. 2(b) while carbon fibers after nanotubes growth is shown in Fig. 2(c) and a higher magnification image of carbon fiber surface covered with nanotubes is shown in Fig. 2(d) . It explicitly shows that the CNTs grown on fibers have uniform coverage forming a network like structure around the carbon fibers.
The contrasted bright field TEM images of CNTs/CNFs grown on carbon fiber having different morphologies are shown in Fig. 3 . Co, Fe and Ni were individually used as catalysts at different growth temperatures ranging from 650-850°C. In the case of catalyst deposited on the carbon fiber substrate the growth followed tipgrowth mechanism, as evident from Fig. 3(a) where catalyst particle is carried up at the tip of the grown filament; illustrated by an arrow mark. The diameter of the catalyst particle is 231 nm which is equal to the diameter of the filament. This phenomenon of CNT diameter dependence on catalyst size thus provides key parameter to achieve diameter controlled synthesis of carbon nanotubes by controlling the diameter of the catalyst particles. However, the ratio of CNT diameter to the catalyst particle size also depends on growth temperature [28] . In some cases the diameter of catalyst particles may differ from the diameter of the grown carbon filaments/nanotubes depending on growth temperature. Non-tip growth mechanism was observed only in especial case of floating catalyst derived from ferrocene as catalyst precursor. In this case the ferrocene [Fe(C 5 H 5 ) 2 ] vaporizes first and subsequently decomposes to Fe catalyst and gas phase hydrocarbon. The Fe particle may be floating over the substrate or loosely sitting on it during the growth. Thus floating catalyst substrate results in non-tip growth route while catalyst having poor interaction with substrate follows tip-growth mode of growth. This is why both tip and non-tip growth modes are observed in this case as evident from Fig. 3(f) . The carbon released from the decomposition of hydrocarbon from ferrocene acts as an additional source of carbon in the formation of carbon nanospecies. However, carbon released from acetylene dissociation remains the main source of carbon contributing to the growth of carbon nanostructures. The rate of carbon diffusion into the catalyst particle is dependent on the crystallographic orientation [29] . Inside the catalyst particle there are some crystallographic directions along which carbon diffusion is easier than others. When the catalyst particle happens to be oriented in such a way that the crystallographic direction along which carbon diffusion is difficult falls normal to the axis of the growing carbon filament, slit formation takes place due to faster growth along other direction. This leads to the formation of ladder shape filaments as shown in Fig. 3(b) which was formed at relatively low temperature of 650°C. A curling up carbon nanofilament forming nanospring is shown in Fig. 3(c) and a vermicular carbon nanofilament is shown in Fig. 3(d) . Formation of filamentous carbon from acetylene was reported long back in 1970 by P.A. Tenser et al. [30] . There may be mainly three types of morphologies of these filaments namely; straight, helical and twisted. The non-straight, spiral shape twisted filaments or tubes are generated from asymmetrical shaped catalyst particle. Due to this asymmetry of catalyst the carbon atoms traverse across different diffusion path lengths relative to the symmetry axis. On the other hand, when the catalyst particle has multiple facets it results in formation of more than one filament. Such an Fe catalyst particle producing two filaments of similar diameters is shown in Fig. 3(e) . It is observed that the shape and orientation of lattice planes in the catalyst particle determines the tube morphology and its size controls the tube diameter; bigger catalyst results in larger diameter and vice versa. However, if the catalyst particle size happens to be bigger than a critical size; tubular structures are not formed only filaments and fibers are produced as evident from Fig. 3e and (f) . Therefore, both shape and size of the catalyst particle have prevailing effect on the morphology of the resulting nanospecies. Some times branching in the nanotubes may occur due to bifurcation of catalyst which results in formation of junctions; an emblematic Y junction formed in this way is shown in Fig. 3(g) . This type of junctions can be produced in a controlled way using template [31] or pyrolysis [32] based methods and are very useful in nanoelectronic applications [33] . Due to local change in thermodynamical parameters catalyst particle may undergoes multiple fragmentations resulting in multiple branching as shown in Fig. 3(h) ; demonstrating narrowing down of internal diameter of the tube and formation of finer diameter tubes carrying fragmented catalysts on their tips. Branching of filament takes place due to relieving the stress created in the filaments by mass Fig. 4 . High resolution lattice images of (a) catalyst particle (b) MWCNT with a wide hollow core (c) MWCNT with a narrow hollow core (d) Tip of the MWCNT (e) Carbon nanoonion (f) Carbon nanocone.
of deposits [34] . When ferrocene derived Fe was used as catalyst self filling of the open ended tubes was observed as shown in Fig. 3(i) as emphasized by arrow marks. This occurs due to low surface tension of liquidous Fe at synthesis temperature resulting in filling of open ended tubes through capillary rising action. The CNTs may also get self-aligned forming bundles during synthesis itself; one such bundle is shown in Fig. 3(j) where nanotubes with opened end can be clearly seen as indicated by arrow marks. Deposition of concentric layers takes place when the catalyst particles are round and diffusion of carbon occurs symmetrically in all directions resulting in formation of carbon nano-onions. Formation of more than one carbon species along with amorphous carbon usually takes place during the synthesis of CNTs as shown in Fig. 3(k) ; where different nanostructures of carbon such as nanoring, nanoonion, nanocone etc. sticking on the tubes are highlighted by arrow marks. However the desired carbon species can be predominantly obtained by careful control of process parameters but the metal catalyst particles and amorphous carbon species always accompanied. Therefore, the process could be called quasi-controlled rather than precisely controlled where undesired nanospecies are completely eliminated. A typical carbon nanofilament having fishbone structure of graphenes is shown in Fig. 3 (l) this structure results when the catalyst has sharp facet oriented towards the substrate. The spiral shape carbon nanotube having a diameter of 3.8 nm is shown in Fig. 3 (m), long double and multiwall wall CNTs are shown in Fig. 3 (n) and (o) respectively. It was observed by TEM image that the core shell of a multiwall nanotube seems to form first and subsequently the other outer walls are formed which can be seen in a distinctive picture shown in Fig. 3(p) where a carbon nanotube is single or double walled at the tip and the same tube is multi walled at the bottom side. The graphenes are arranged parallel to the tube axis in case of CNTs, while they are arranged in a plane perpendicular to the axial direction in case of nanofibers, nanoladders and randomly arranged in irregular shaped non-straight, vermicular filaments [35] . It is noticeable here that Co, Fe and Ni were separately used as catalysts for the carbon nanostructures shown in Fig. 3(a-d) , (e-j) and (k-p) respectively. The important experimental parameters such as type of catalyst and growth temperature are indicated on the corresponding images. The top-left and top-right insets on each image show the type of catalyst and the growth temperature respectively. The growth temperature was varied from 650-850°C while the growth time was 30 min for all the images shown in Fig. 3 . Thus this study shows that the morphology of the grown carbon nanospecies is strongly influenced by the nature of catalyst particles and the growth temperature. Low growth temperature favoured non-straight carbon nanostructures with a relatively larger diameter. On the contrary, higher growth temperature resulted in straight nanostructures with a finer diameter range. Therefore, morphology of interest can be predominantly obtained by optimizing the important process parameters.
The high resolution lattice image of a catalyst particle shown in Fig. 4(a) demonstrates single crystal structure with lattice spacing 0.203 nm. Carbon nanotubes having different number of walls, internal diameter are shown in Fig. 4(b) and (c). The former has 14 walls and a wider core shell while the later has 25 walls and a narrow hollow core. The end closing of MWCNT and orientation graphenes is shown in Fig. 4(d) . The lattice spacing was measured from lattice images to be 0.343 nm which is a little larger than that of the ideal graphite crystal (0.335 nm). The high resolution images of carbon nanoonion and nanocone are shown in Fig. 4(e) and (f) respectively. The organization of graphenes in different parts is indicated by arrow marks.
Both electron and X-ray diffraction studies were carried out on carbon fiber samples before and after the growth of CNTs/CNFs. Electron diffraction pattern recorded on carbon fibers before CNTs growth, after CNTs growth and on the CNT is shown in Fig. 5(a), (b) and (c) respectively. The electron diffraction pattern demonstrates the amorphous nature of carbon fibers while the selected area electron diffraction (SAED) pattern of the carbon fibers after CNTs/CNFs growth showed well-defined graphitic reflections which revealed the presence of graphitic entities on the carbon fiber substrate in the form of CNTs/CNFs.
Conclusions
In conclusion, a process for uniform coating of CNTs on carbon fiber substrate by thermal CVD technique using C 2 H 2 as precursor with different nano catalyst particles has been developed. The effect of process parameters on the yield and morphology has been investigated; the overall yield of the nanospecies grown on carbon fibers is found to increase initially with time and subsequently gets stabilized due to catalyst poisoning while the shape and size of the metal catalyst particle is found to determine the diameter and morphology of the grown nanospecies. HRTEM images showed a wide variety of nanostructures such as nano fibers, nanofilaments, nanoonions, nanocones nanospirals, nanoladders, Y junctions etc. accompanying CNTs under different growth conditions. By fine-tuning the process parameters desired carbon nanostructures such as nanotubes, nanofibers or filaments can be obtained predominantly. Therefore precise control of the process parameters is extremely important to grow a desired morphology otherwise it could result in a wide variety of undesired carbon nanospecies too.
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